Abstract. Global ocean color algorithms designed to estimate chlorophyll a concentration (chla) are not accurate at high latitudes. Although a regional Arctic OC4L algorithm was designed to be applicable to high northern latitudes, its applicability remains uncertain. To examine these issues, we investigated the light absorption coefficients of phytoplankton, non-algal particles (NAP), and colored dissolved organic matter (CDOM) and remote sensing reflectance, R rs (λ), covering most of the western Arctic Ocean. A higher pigment packaging effect was identified relative to that at lower latitudes. The CDOM absorption dominated and accounted for 76% of the total non-water absorption at 443 nm and did not covary with variations in chla. This absorption is significantly higher than those in other marine environments. We also examined the backscattering coefficient of particles obtained from the inversion of R rs (λ) and found that it covaried well with variation in NAP absorption. Our evaluation shows that when turbid waters (R rs (670) > 0.00042 sr -1 ) are excluded, the performance of the OC4L is good and much better than that of the sea-viewing wide field-of-view sensor (SeaWiFS) OC4V4 and the moderate-resolution imaging spectroradiometer (MODIS) OC3M (root mean square error (RMSE) of 0.13, 0.21, and 0.22, respectively). The reason why the OC4L performs well despite strong CDOM absorption is discussed.
Introduction
High primary production (PP) has been reported in the western Arctic Ocean (up to 860 g C·m -2 ·year -1 ) (Springer et al., 1996; Chen et al., 2002) . This high PP suggests that the western Arctic Ocean is not a biological desert as previously thought but has an active carbon cycle. Although the continuous measurement of PP is essential to accurately estimate its impact on the global carbon cycle, field campaigns are necessarily restricted both geographically and temporally by sea ice cover. Satellite remote sensing using ocean color sensors in polar regions may fill the gap.
In addition to irradiance, the most important parameter to estimate PP using remote sensing is the chlorophyll a concentration (chla). In polar regions, however, a series of studies has reported that chla estimated by global ocean color algorithms was significantly different from in situ chla (Mitchell and Holm-Hansen, 1991; Mitchell, 1992; Arrigo et al., 1998; Dierssen and Smith, 2000; Sathyendranath et al., 2001; Cota et al., 2003; Stramska et al., 2003; Wang and Cota., 2003; Cota et al., 2004; Wang et al., 2005) . There are two main causes for this discrepancy.
First, bio-optical properties in polar waters are significantly different from those in waters at lower latitudes (Mitchell and Holm-Hansen, 1991; Mitchell, 1992; Arrigo et al., 1998; Sathyendranath et al., 2001; Cota et al., 2003; Stramska et al., 2003; Wang et al., 2005) . The difference was mainly attributed to the presence of large-size phytoplankton such as diatoms, which leads to highly packaged phytoplankton absorption. This leads to an underestimation of chla by global algorithms roughly by a factor of 1.5 in the Labrador Sea . Cota et al. (2003) additionally mentioned that the high contribution of the absorption coefficient of colored dissolved organic matter (CDOM), a CDOM (λ), to the total non-water absorption, a t-w (λ), may have a significant impact on chla estimates by ocean color algorithms. This conclusion supports previous studies and emphasizes the importance of CDOM absorption at high northern latitudes (Carder et al., 1989; Sathyendranath et al., 2001) . This is consistent with the fact that the Arctic Ocean is the basin that receives the largest amount of freshwater relative to its volume (11% of global freshwater input while its volume is 1% of the Global Ocean; Shiklomanov, 1993) . However, the lack of measurements of CDOM absorption (e.g., Mitchell, 1992; Stramska et al., 2003) has prevented us from characterizing the light absorption behavior by each component directly, namely, phytoplankton, non-algal particles (NAP), and CDOM. More recently, in our study region, the western Arctic Ocean (Figure 1) , Wang et al. (2005) described the trends of these absorption coefficients, namely, the absorption coefficient of phytoplankton (a ϕ (λ)), the absorption coefficient of NAP (a NAP (λ)), and the absorption coefficient of CDOM (a CDOM (λ)), as a function of chla and compared their results with those at lower latitudes. However, this study leaves the following important questions unanswered: (i) Which constituent (phytoplankton, NAP, or CDOM) dominates the light absorption of these waters? (ii) Which constituents can have a significant impact on chla estimates by ocean color algorithm?
The second cause for the failure of ocean color algorithms lies in the fact that a small number of data points from polar regions was used to develop global ocean color algorithms (e.g., O'Reilly et al., 2000) . More recently, Cota et al. (2004) developed an Arctic OC4L ocean color algorithm using a large dataset (number of data points N = 686) from data obtained at high northern latitudes (but not exclusively in the Arctic Ocean). This algorithm is designed to be applicable to high northern latitudes, where chla by SeaWiFS ocean chlorophyll four-band version 4 (OC4V4) is underestimated by a factor of 2 over most of the natural range of biomass chla > 0.6 mg·m -3 (Cota et al., 2004) . This bias is, however, different in the western Arctic Ocean, where chla tends to be overestimated by OC4V4 across the range 0.07-9.00 mg·m -3 (Wang and Cota, 2003). Since ratios of remote sensing reflectance used by the aforementioned two algorithms are related to the absorption and backscattering coefficients (see the next section for details), this discrepancy indirectly implies that the optical properties of the western Arctic Ocean show different relationships with chla than the relationship obtained by Cota et al. (2004) that used a large dataset from various environments at high northern latitudes. However, these properties have not been adequately documented, and the Arctic OC4L has not yet been evaluated. Thus, the objectives of this study are to (i) describe statistically the bio-optical characteristics of the western Arctic Ocean; and (ii) evaluate the accuracy of the Arctic OC4L and OC4V4 algorithms, which are often applied to the Arctic Ocean. We also evaluate the OC3M algorithm, which is the operational algorithm for the moderate-resolution imaging spectroradiometer (MODIS) ocean color sensor.
To achieve these objectives, we first describe the characteristics of a ϕ (λ), a NAP (λ), and a CDOM (λ) versus chla, including their magnitudes and proportions compared with the total non-water absorption. With these absorption coefficients, we also examine the properties of the backscattering coefficient of particles. The spectral shapes of remote sensing reflectance and its relation to hydrographic features are discussed in the next section. Based on these analyses, we reevaluate the accuracy of the Arctic OC4L, the OC4V4, and OC3M algorithms and explain the reasons for their varying accuracy in the western Arctic Ocean.
Background: relationship between inherent optical properties (IOPs) and apparent optical properties (AOPs)
In addition to the structure of incident light field and observation geometry, two inherent optical properties (IOPs) determine the quantity and quality of the light leaving the ocean. The first property is the total absorption coefficient of seawater, a t (λ) (in m -1 ), where λ is the wavelength dependence (see the List of symbols), which represents the total light absorption due to various constituents in natural waters including water molecules. It can be expressed as the sum of the absorption coefficient of all particles, a p (λ), a CDOM (λ), and pure seawater, a w (λ):
where a p (λ) can be further divided into the contributions of a ϕ (λ) and a NAP (λ):
The second property is the total backscattering coefficient (b b (λ), in m -1 ), another IOP, which can be expressed as follows:
where b bp (λ) and b bw (λ) are the backscattering coefficients of particles and water molecules, respectively; b b (λ) determines the amount of light backscattered toward the atmosphere within the ocean surface layer and is thus important to applications of ocean color remote sensing (e.g., Stramski et al., 2004) . In open ocean waters, both the absorption and backscattering coefficients covary with variations in chla (e.g., Morel and Maritorena, 2001) . Furthermore, two apparent optical properties (AOPs), the remote sensing reflectance (R rs (λ), in sr -1
) and the normalized water-leaving radiance (L wn (λ), in µW·cm ), which are quantities measured by satellite ocean color sensors, can be expressed in terms of these IOPs:
where 0.544 is a factor describing the effect of the water-air interface; f and Q are empirical factors and are a function of the solar zenith angle θ s , λ, and chla (Morel et al., 2002) ; and F 0 is the solar extraterrestrial irradiance. These relationships form the basis of present ocean color algorithms to determine chla and other accessory pigments (e.g., O'Reilly et al., 1998; Esaias et al., 1998; Carder et al., 1999) . In this study, we evaluate the accuracy of three ocean color algorithms that are often applied to the Arctic Ocean, namely the Arctic OC4L developed by Cota et al. (2004 ), SeaWiFS OC4V4 (O'Reilly et al., 1998 , and MODIS OC3M (O'Reilly et al., 2000) . These algorithms are expressed as follows:
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Methodology
Field observations were made on board the Japanese vessel R/V Mirai from 1 September to 12 October 2004 in the western Arctic Ocean (referred to as mission MR04-05) spanning approximately the area from latitudes 65°to 76°N and longitudes 145°to 180°W (Figure 1) . Temperature and salinity profiles were obtained at 250 stations using a SeaBird 911 conductivity-temperature-depth (CTD) probe coupled with a transmissometer (WET Labs, Inc.).
Water samples for chla and absorption measurements were collected using Niskin bottles, except at the surface where a polyethylene container was used. In total, 183 water samples were collected at 51 stations. Radiometric measurements were also conducted at 25 of these stations following the SeaWiFS protocols (Muller and Austin, 1995) . We generally encountered calm seas (averaged wind speed was 6.0 m·s -1 ) and mostly cloud-covered conditions with some sunny periods. Chla was determined fluorometrically with dimethylformamide (DMF) using a 10-AU field fluorometer (Turner Designs) (HolmHansen et al., 1965; Suzuki and Ishimaru, 1990) . Excluding station 207 where the water was highly turbid (for details, see the section titled Evaluation of ocean color algorithms), the measured chla was strongly correlated with the in situ fluorescence (determination coefficient r 2 = 0.90, N = 141) measured by the fluorometer (Seapoint Sensors, Inc.) attached to the CTD probe. Based on this relationship, we calculated chla at a 1 m interval using the in situ fluorescence data. These data were then used to obtain the average chla within the surface layer above the first optical depth, z 90 (in m), which corresponds to the layer from which approximately 90% of the upwelling radiance detected by remote sensors originates (Gordon and McCluney, 1975) (for the calculation, see the section titled Apparent optical properties (AOPs)).
Inherent optical properties (IOPs)
Discrete water samples were collected for absorption measurements over the euphotic zone, z e (in m; 1% of surface light level), the depth of which reached up to 70 m in this study region. All suspended particles including phytoplankton and NAP were filtered under low vacuum on Whatman GF/F glass fiber filters. We first measured optical density (OD) (Kirk, 1994) of all suspended particles, OD p (λ), from 400 to 750 nm with 1 nm intervals using a MPS2400 spectrophotometer (Shimazu Corp.). Phytoplankton pigments were then extracted with methanol (Kishino et al., 1985) , and the OD of the NAP, OD NAP (λ), was determined in the same way as that for OD p (λ). Then, a ϕ (λ) and a NAP (λ) were calculated (Mitchell, 1990; Cleveland and Weidemann, 1993) using 750 nm for both baselines. The regression analysis as a power function was conducted for all a ϕ (λ) versus chla from 400 to 700 nm. The chla-specific absorption coefficient of phytoplankton, a ϕ *(λ) (in m 2 ·mg chla -1 ), was determined by dividing a ϕ (λ) by chla. The modeled spectra of a ϕ *(λ) at chla concentrations of 0.1, 0.5, and 1.0 mg·m -3 were obtained using the fitted relationships of a ϕ (λ) versus chla divided by chla from 400 to 700 nm with 5 nm intervals above z 90 . The OD of CDOM, OD CDOM (λ), was measured from 400 to 700 nm with 1 nm intervals using the MPS2400 spectrophotometer (Shimazu Corp.) after water samples were filtered on a 0.22 µm Millipore membrane. The a CDOM (λ) was calculated from OD CDOM (λ) according to the SeaWiFS protocols (Muller and Austin, 1995) . The a t (λ) was obtained by summing a ϕ (λ), a NAP (λ), and a CDOM (λ), with the value of a w (λ) from Pope and Fry (1997) (Equations (1) and (2)). Wang and Cota (2003) showed that the performance of the model of Lee et al. (2002) when used to estimate b bp (λ) from the reflectance spectrum, which was built for open ocean and coastal water environments at temperate latitudes, was quite accurate in the Beaufort and Chukchi seas. In this study, we also employed this model to examine the properties of b bp (λ). Briefly, b bp (λ) was computed after the Lee et al. model was run with our measured a t (λ) and R rs (λ) (see later in the paper). The value of b b (λ) was then obtained as the sum of b bp (λ) and b bw (λ) (Equation (3)). The values for b bw (λ) were taken from Morel (1974) . The accuracy of the computed value of b bp (λ) is discussed later in the paper (see the section titled Properties of backscattering coefficient of particles).
Apparent optical properties (AOPs)
Profiles of downwelling irradiances,
), and upwelling radiances, L u (λ, z) (in µW·cm -2 ·nm -1 ·sr -1 ), were obtained using an in-water PRR-600 spectroradiometer (Biopherical Instruments, Inc.) with a PRR-610 reference deck unit. Both units had centre wavelengths of 412, 443, 490, 520, 565, and 670 nm. The PRR-600 included a tilt sensor, and the measurements were made to minimize ship shadow from the back deck away from the ship body. The tilt angles were always within ±10°, as recommended by the SeaWiFS protocols (Muller and Austin, 1995) , except for those of two stations (7 and 137), where they reached 11°or 13°during downwelling measurements with the PRR-600. Since R rs (λ) calculated from these spectra did not depart from the other values (see Figure 8 ), we decided to keep these two stations for our analysis. The value of L u (λ, z) just below the sea surface, L u (λ, 0 -), was obtained by extrapolation of the logarithm-transformed data from 1-3 m (Darecki and Stramski, 2004) . The value of L u (λ, 0 -) was then multiplied by 0.544 to calculate the waterleaving radiance just above the sea surface, L w (λ, 0 + ) (Darecki and Stramski, 2004) . The value of E d (λ, 0 + ) measured using the PRR-610 deck unit was averaged during the same time periods as the L u (λ, z) measurements from 1-3 m, and lastly the value of R rs (λ, 0 + ) was obtained using
. 
To apply the Arctic OC4L, OC4V4, and OC3M algorithms, R rs (488), R rs (510), R rs (551), and R rs (555) are required but were not measured at those exact wavelengths. Dierssen and Smith (2000) pointed out that the interpolation scheme developed by O'Reilly et al. (1998; might not be appropriate in polar regions where bio-optical properties are different from those at lower latitudes. Therefore, we conducted simple linear interpolation to obtain R rs (λ) at the right wavelengths using the measured values. The R rs (λ) spectra including these interpolated R rs (λ) values are similar to those obtained by Wang and Cota (2003) in the same study region (see the section titled Evaluation of ocean color algorithms).
The value of z 90 was calculated following two different methods in this study: (i) if radiometric data were available for a given station, the diffuse attenuation coefficient of downwelling irradiance (K d (490) ; in m -1 ) was calculated from E d (490, z) measurements from 1-3 m based on a least squares regression technique, and z 90 was calculated as 1/K d (490); (ii) if no radiometric data were available for a given station, K d (490) was calculated from the measured a t (λ), modeled b b (λ), and θ s according to Lee et al. (2005) . Because no R rs (λ) data were available, b b (λ) (a small contribution to K d (490)) was estimated from the significant relationship between b b (λ) and a t (λ) ( Table 1 ). The value of z 90 was then determined as 1/K d (490).
Results and discussion

Characteristics of light absorption coefficients of phytoplankton, NAP, and CDOM
We first investigate the general trends of the light absorption coefficients of phytoplankton, NAP, and CDOM in the western Arctic Ocean and compare them with those in other world ocean basins. A power function is applied to examine the relationship between the absorption coefficients for each component and chla, assuming that the function is appropriate to represent these relationships (Bricaud et al., 1995; . In view of the application of ocean color algorithms, all samples are divided into two layers, one above z 90 and one below z 90 . We describe the bio-optical characteristics for each layer separately.
We found a high correlation between the absorption coefficient by the total particulate fractions and chla (phytoplankton plus NAP) as well as for phytoplankton only (r 2 = 0.75 and 0.80, respectively, for all samples in Table 2 and Figure 2 ). The strength of these correlations is comparable to those from previous results for other environments (i.e., Results from the literature are also shown for comparison (i.e., Bricaud et al., 1998; Cota et al., 2003; Wang et al., 2005) . These statistics are shown in Bricaud et al., 1998; Cota et al., 2003; Wang et al., 2005 ) (see Table 2 for details). The trends of a ϕ (443) versus chla from Bricaud et al. (1998) and Cota et al. (2003) are similar but depart strongly from those of both this study and the study of Wang et al. (2005) , especially at chla < 2.0 mg·m -3 (Figure 2a) . For chla determination, high-performance liquid chromatography (HPLC) data were adopted by Bricaud et al., but data using the fluorometric method were used for this study and those of Cota et al. Morel and Bricaud, 1981; Bricaud et al., 1995) , resulting from either photoacclimation status or species composition. Figure 3 shows spectra of a ϕ *(λ) obtained from the regression analysis of a ϕ (λ) versus chla (see Table 3 ) divided by chla at three chla concentrations of 0.1, 0.5, and 1.0 mg·m -3 in addition to the measured spectra. Our results clearly show that our modeled a ϕ *(λ) is lower than that obtained by Bricaud et al. (1995) for all of the visible spectral domain (but the relative difference is lower in the green bands) for all chla concentrations shown in Figure 3 . This indicates that the different pigment packaging and (or) changing pigment composition prevails in our study region compared with those at lower latitudes (the two effects are often intermingled and are difficult to separate using our dataset alone) (Bricaud et al., 1995) . This result is consistent with previous results at higher latitudes (e.g., Cota et al., 2003; Wang and Cota, 2003; Wang et al., 2005) . Although a clear and systematic difference of a ϕ (443) versus chla between our study and that of Wang et al. (2005) is identified, we cannot examine this difference further because a detailed study of the phytoplankton community was not conducted during our cruise.
The trend of a p (443) versus chla (Figure 2b) shows that the relative locations of the fits are the same as those in Figure 2a except for that of Wang et al. (2005) , which is relatively close to those of Bricaud et al. (1998) and Cota et al. (2003) with its high A p value ( Table 2) . Since the total particulate fractions can be divided into phytoplankton and NAP (Equation (2)), this is attributed to a remarkably high A NAP (= 0.0306) from Wang et al. (Table 2) .
The fraction of a p (443) due to a NAP (443) is highly variable at chla < 2.0 mg·m -3 (Figure 4a ). This high variability is consistent with previous reports from all latitudes (Bricaud et al., 1998; Cota et al., 2003; Wang et al., 2005) , suggesting that this might be a reality in the world oceans. Despite this high variability in all datasets, a p (443) is mainly due to phytoplankton absorption, with a NAP (443) contributing generally for less than a half of a p (443) (Figure 4b ). There is no difference between the two layers. Figure 5 illustrates the relative proportion of a ϕ (λ), a NAP (λ), and a CDOM (λ) to the total non-water absorption, a t-w (λ), where five wavelengths were selected corresponding to the bands of the SeaWiFS ocean color sensors. This allows us to examine the variability in the bands that can be used for the ocean color algorithms applied to the Arctic Ocean (see the section titled Evaluation of ocean color algorithms). The 412 nm band is particularly useful for examining the contribution of CDOM absorption. The optical properties of pure water itself do not influence the classification.
A quick glance at the graphs in Figure 5 shows that the total non-water absorption coefficient is mainly determined by CDOM. Phytoplankton is the second in importance, and NAP tends to contribute the least. Except for some data points, the proportion of a CDOM (λ) to a t-w (λ) is high, contributing to over 50% of a t-w (λ) at all wavelengths, and is particularly high at 412 nm. Even at 443 nm, where phytoplankton absorption is maximal, the contribution of a ϕ (λ) to a t-w (λ) (16%) or the sum of a ϕ (λ) and a NAP (λ) to a t-w (λ) are small (24%). On the other hand, the contribution of CDOM in this study is remarkably high at 443 nm (76%) and does not depend on the optical layers ( Table 4) . Our results also show that the fraction of absorption by CDOM is significantly higher (0.76 ± 0.13 for all samples) than that measured by Babin et al. (2003) (0.41 ± 0.14), which described the general trend of light absorption coefficients of phytoplankton, NAP, and CDOM in coastal waters around Europe ( Table 4) . This means that CDOM dominates the total light absorption of waters in the western Arctic Ocean, which is in contrast with the findings from studies in other environments (Bricaud et al., 1998; Babin et al., 2003) . Similar trends of a high contribution by CDOM absorption are also found from 490 to 555 nm in our data. The fact that CDOM absorption does not covary with variation in chla (r 2 = 0.14 for all samples; Table 2 ), indicating that current models for CDOM covarying with chla in case 1 waters do not work at higher latitudes. In summary, all of our results suggest that the biooptical properties in the western Arctic Ocean are different from those in other world oceans. Most importantly, they are strongly influenced by CDOM absorption, and phytoplankton absorption tends to be lower for a given chla, probably due to the packaging effect.
Properties of backscattering coefficient of particles
The backscattering coefficient of particles was computed to evaluate its impact on the reflectance measured by satellite ocean color sensors. Figure 6a shows that the magnitude of the computed b bp (555) covers a wide range and is similar to that reported by Wang et al. (2005) (0.0004 < b bp (555) < 0.013), who measured it using a HydroScat-6 backscattering meter (HOBI Labs). A relatively low determination coefficient between b bp (555) and chla was found (r 2 = 0.31, N = 24). To give confidence to our estimates and verify that the Lee et al. (2002) model was accurate in this study region, we tested that another product of Lee et al., a t (λ), correlated well with our measured a t (λ) at 412, 443, 490, 510, and 555 nm (Figure 6b) . Because the accuracy of estimated b bp (λ) by the Lee et al. model depends on an accurate determination of a t (λ) and R rs (λ) (Lee et al., 2002) , validating a t (λ) suggests that the computation of b bp (λ) can be trusted. Moreover, this result also suggests that, using the Lee et al. algorithm if a CDOM (λ) and a NAP (λ) are parameterized appropriately with their spectral slopes (Table 5) , a ϕ (λ) can be retrieved with relatively good accuracy (or in the opposite case, a NAP (λ) and a CDOM (λ) can be estimated when a ϕ (λ) is parameterized). In our environment, the quasianalytical algorithm (QAA) of Lee et al. may thus have potential to retrieve all optical components (i.e., a ϕ (λ), a NAP (λ), and a CDOM (λ)) using ocean color remote sensing.
Although the contribution of a NAP (λ) to a t-w (λ) is the lowest, a NAP (443) (555) is the lowest (r 2 = 0.40, N = 24). The strengths of these correlations thus do not depend on the relative contributions by each component (namely, phytoplankton, NAP, and CDOM). Although CDOM is defined as colored dissolved organic matter contained in seawater that passes through a 0.22 µm Millipore membrane, the CDOM includes mixed organic-inorganic matter and various types of particles . Therefore, the high correlation between a CDOM (λ) and b bp (555) found in this study might reflect backscattering by particles smaller than 0.22 µm in size, as mentioned by Wang and Cota (2003) . Nonetheless, our results suggest that NAP is the main cause of the backscattering in our study region.
We found that b bp (555) covaries well with variation in a NAP (443) in our environment (Figure 6c) . Babin et al. (2003) suggested that a NAP (443) was highly correlated with the concentration of suspended particulate matter (r 2 = 0.80, N = 387). Combined, these results suggest that b bp (555) can be modeled as a function of a NAP (443) or SPM. Because in our study the retrieval of b bp (λ) requires the knowledge of a t (λ) that includes a NAP (443), b bp (λ) is not a completely independent variable (see the section titled Inherent optical properties (IOPs)). However, since the contribution of a NAP (λ) to a t (λ) is small (see the previous section for details), its effect on the inversion is also likely to be very small. Since there are far fewer measurements of b bp (λ) compared with the absorption measurements, this relationship is useful because it can be used to estimate b bp (λ) using the absorption coefficient of NAP.
Evaluation of ocean color algorithms
We tested the performance of the Arctic OC4L algorithm designed to be applicable to high northern latitudes and the global ocean color algorithms, OC4V4 and OC3M, which are often applied to the Arctic Ocean (Figure 7) . Surface chla used here for our evaluation were highly correlated with the average chla within the water column above z 90 (r 2 = 0.75, N = 23), which suggests that the average vertical variability of chla is well represented by surface chla, even if the vertical structure is not available. Overall, when considering all sampled stations, Babin et al. (2003) Coastal waters around Europe Surface 0.36±0.14 0.41±0.14 0.22±0.13 317
Note: The values in Babin et al. (2003) are also included for comparison. Table 4 . Relative contributions (mean ± 1 SD) of absorption coefficient for phytoplankton (ϕ), CDOM, and non-algal particles (NAP) to the total non-water absorption a t-w (λ) at 443 nm.
our results show that the performance of chla estimates by the OC4V4 is slightly better than that by the Arctic OC4L (root mean square error (RMSE) of 0.26 and 0.28, respectively). However, when spectra with high R rs (λ) in the green spectral domain shown in groups B and C (Figure 8) are excluded, the performance of the Arctic OC4L is much better than that of OC4V4 and OC3M (RMSE = 0.13, 0.21, and 0.22, respectively). Since the performance of the ocean color algorithms used here depends on R rs (λ) spectral shapes (Equations (5a)-(5c)), the causes of the errors are discussed for each R rs (λ) spectral group A-D shown in Figure 8 that were qualitatively classified in this study as follows: (A) R rs (λ) spectra are gradually decreasing toward the blue and red spectral domain with a maximum at 490 nm (red station numbers in Figure 1) ; (B) R rs (λ) are high in the green spectral domain, with their values sharply decreasing toward the blue spectral domain (purple station numbers in Figure 1) ; (C) R rs (λ) are remarkably high or high and flat in the green spectral domain, with high values in the red spectral domain (yellow station numbers in Figure 1) ; (D) R rs (λ) spectral shapes are sharply decreasing toward the red spectral domain, with flat R rs (λ) values from 412 to 490 nm (blue station numbers in Figure 1 ). We assume that the performance of the three algorithms does not depend on the solar zenith angle in this study because band-ratio techniques such as MBR strongly reduce its effect (Morel et al., 2002) . For group A, the accuracy of chla estimates by the OC4V4 and OC3M are very similar, and both tend to be underestimated (555) and a NAP (443) . High values at stations (stn.) 1, 3, and 207 are circled. For the regression analysis, we excluded the data from station 1 that show extremely high R rs (λ) in the green spectral domain (see Figure 8c) . (443) 0.0135±0.0027 0.0794 0.0128±0.0012 0.0094 except at station 192 (Figure 7) . The impact on the accuracy of the algorithms due to slight differences in spectral shapes between station 192 and the other stations in this group (Figure 8a ) is observed. Cota et al. (2004) suggested that chla estimates by the OC4V4 tend to be underestimated at chla > 0.6 mg·m -3 , which is consistent with our evaluation in spectral group A. Seawater absorption was dominated by CDOM > 60% in this spectral group, and this effect is clearly shown by decreasing R rs (λ) values in the blue spectral domain (Figure 8a) . On the other hand, the Arctic OC4L performs well (RMSE = 0.13). Geographically, R rs (λ) spectral shapes were observed at stations on the Chukchi Sea Shelf and off Point Barrow (red station numbers in Figure 1) . The spatial distribution is qualitatively consistent with that of warm water (>0°C) at a salinity (S) of 31.5 practical salinity units (psu) (Figure 9a) , which corresponds to that of Alaskan coastal water (ACW) (Shimada et al., 2001) . In groups B and C, the chla is overestimated up to approximately six-fold by the three algorithms (RMSE ranges from 0.11 to 0.81). Because a t (λ) varies little in the green spectral domain and since the variability in the shape of f/Q is also small (Equation (4a)) (see Loisel and Morel, 2001) , b b (λ) has a greater impact on higher R rs (λ) values in the green spectral domain. During our cruise, we found remarkably turbid waters with a low transmittance in these spectral groups at stations located in the Barrow Canyon and the southern Chukchi Sea (shown as circles in Figure 9b ). These points are well below the transmission versus fluorescence trend (Figure 9c ). This is not the case at station 193 (Figure 9b) close to the mouth of the Mackenzie River (Figure 9d) . Although the bio-optical properties are not perfectly correlated with hydrographic features as shown here, our results confirm that the high b bp (555) value (Figure 6c ) leading the high R rs (λ) observed at these stations originates from waters with high suspended matter concentrations. The high R rs (λ) in the green spectral domain (Figures 8b and 8c) is the main cause of the errors in chla estimates by the three algorithms in these spectral groups. This leads to lower R rs (443 > 490 > 510/555) values (Equations (5a)-(5c)); at R rs (443 > 490 > 510/555) values less than 1.6, the Arctic OC4L yields higher chla estimates than the OC4V4 (Figure 10) . Except for groups B and C where waters are turbid, the overestimates of chla by the Arctic OC4L relative to the OC4V4 could be due to a very high packaging effect at R rs (443 > 490 > 510/555) values less than 1.6. Overestimates of chla are thus greater by the Arctic OC4L than by the OC4V4 and OC3M algorithms (Figure 7) . In group D where R rs (λ) was observed offshore (blue station numbers in Figure 1 ), the performance of the Arctic OC4L is good and much better than that of the OC4V4 and OC3M (RMSE = 0.13, 0.23, and 0.24, respectively) (Figure 7) . The underestimates of chla by the OC4L relative to the OC4V4 at R rs (443 > 490 > 510/555) values greater than 1.6 may be due to the strong CDOM absorption observed in this study (Figure 10) . As a result, when groups B and C are excluded, which correspond to waters with high backscattering by particles and show high R rs (676) values (>0.00042 sr -1 ), the Arctic OC4L performs well (RMSE = 0.13). In other words, the accuracy of the Arctic OC4L algorithm is more affected in these R rs (λ) spectra than the accuracy of OC4V4 and OC3M. Our analysis shows that no simple empirical algorithm is accurate in these waters. A possible alternative could be the use of semianalytical inversion models (e.g., Carder et al., 1999; Maritorena et al., 2002) , which may be more appropriate in these waters. Two other alternatives are also worth investigating because the spectra can easily be classified by a method such as fuzzy classification (Moore et al., 2001 ) used in tandem with empirical algorithms. Sun-induced chlorophyll fluorescence (e.g., Huot et al., 2007) is also another potentially interesting signal that could be useful in these waters.
Our results, however, raise an interesting conundrum in the waters of the western Arctic Ocean: the absorption of these waters is dominated by strong CDOM (76% at 443 nm), and CDOM does not covary with chla (Table 2) , but the Arctic OC4L performs well in the western Arctic Ocean. This is only possible if R rs (443 > 490 > 510/555) covaries well with phytoplankton absorption.
Although it is difficult to confirm the impact of a φ (λ) and a CDOM (λ) on the R rs (λ) ratio without more involved modeling analysis, it is possible to examine this variability using the coefficient of variation (CV), which is equal to the standard deviation divided by the arithmetic mean. The results show that phytoplankton absorption varies approximately 2.4 times as much as CDOM absorption at 443 nm (CV = 0.81 and 0.34 above z 90 , respectively). This result suggests that while CDOM absorption is relatively constant, phytoplankton absorption varies remarkably. Since NAP absorption contributes the least for the total non-water absorption (Figure 5; Table 4 ), the variability of phytoplankton absorption can have a strong impact on chla estimates by ocean color algorithms despite the high CDOM absorption found in this study region. This is compounded by the fact that the CDOM absorption in this region has a particularly low spectral slope compared with those of other oceanic environments (see Table 5 ), which means that its impact on the blue to green ratio is actually approximately two times lower than that of phytoplankton per unit increase in absorption. A rough calculation of their respective impact on the blue to green reflectance ratio can be made by multiplying their coefficient of variation by their fraction of the contribution to total absorption (0.19 and 0.73, respectively, at 490 nm for phytoplankton and CDOM) by the ratio of their absorption spectra at 490 nm to that at 555 nm (4.4 and 2.4, respectively, for phytoplankton and CDOM). This calculation shows that phytoplankton has a roughly equal or slightly larger influence on the blue to green variability despite contributing much less to total absorption. Although the number of data obtained by Cota et al. (2004) from the Arctic Ocean to develop their algorithm is not clear (cited as Cota, unpublished in Cota et al., 2004) , it is likely that the larger part of the data used for the Arctic OC4L was obtained from high northern latitudes (cited as Wang and Cota, 2003; Cota et al., 2003; and Cota, unpublished) where CDOM absorption is strong. The reason for the accuracy of the Arctic OC4L algorithm is not well understood, but our analysis suggests that, at least for the western Arctic Ocean, the effect of strong but relatively constant CDOM absorption with a low spectral slope and variability of phytoplankton absorption including a packaging effect seems to underlie this algorithm.
Conclusions
In summary, we found that the light absorption coefficients for both phytoplankton and total particulate fractions as a function of chla are lower in the western Arctic Ocean than in waters at lower latitudes. This can be attributed to larger and (or) more pigmented phytoplankton such as diatoms, which lead to the lower absorption coefficients because of the packaging effect. Although the characteristics of phytoplankton absorptions depart from the norm, the most important feature in these waters is that the total non-water absorption is dominated by strong colored dissolved organic matter (CDOM) absorption, which is significantly higher than that in other environments.
Despite the strong CDOM absorption, our evaluation shows that when turbid waters (remote sensing reflectance R rs (λ) > 0.00042 sr -1 ) are excluded, the Arctic OC4L algorithm performs well relative to OC4V4 and OC3M in our study region. Both strong CDOM absorption and variability of phytoplankton absorption including a package effect seem to be built into the Arctic OC4L, but its performance results from the large effect of phytoplankton absorption on the spectral ratios. This implies that the performance of this algorithm might change when the species composition changes. We also caution (555) is greatest (see the section titled Background: relationship between inherent optical properties (IOPs) and apparent optical properties (AOPs)). Waters classified in R rs (λ) spectral groups B and C are circled. Points represent the data obtained in this study.
that when waters that show high R rs (λ) from the green to red spectral domain are included for chla estimates, the performance of the Arctic OC4L is significantly worse than that of global algorithms. Although we propose a single threshold value for these waters, a better classification scheme based on fuzzy logic (Moore et al., 2001 ) could prove to apply the Arctic OC4L in the appropriate location. This combination should allow us to accurately estimate chla.
An interesting result meriting further attention is that the spatial distribution of Alaskan coastal water is qualitatively consistent with that of our spectral group. This result implies that some water masses can be separated using these optical properties and observed using ocean color remote sensing. It is thus probable that in this region ocean color sensors may help us understand the dynamic physical features of water masses, which might be related to recent climate change with other available data such as sea surface temperature and sea ice extent (see examples in Platt et al., 2005) . 
